This study reports on acoustical field measurements made in a major survey of 41 Catholic churches in Portugal built in the last fourteen centuries. Binaural measurements were taken in each church using a dual channel real time frequency analyzer to calculate the coherence values between the signals at both ears in 1/3 octave frequency bands. From the coherence values a new binaural acoustical measure was developed and called BACH (Binaural Acoustical CoHerence). Monaural acoustical measurements were also taken at several source/receiver locations using the impulse response method. BACH was shown to be an orthogonal parameter in statistical tests with nine other monaural acoustical measures (RT, EDT, C80, D, TS, L, BR_RT, BR_L and RASTI) and fifteen architectural parameters. Information was collected regarding the quality of music in each church. ANOVA tests were performed to examine the significance of the differences among the groups of equal subjective quality ratings. The author wanted to test the hypothesis that this new binaural acoustical measure can be useful in estimating the general subjective quality of churches regarding music. A linear correlation coefficient near 0.7 was found between the BACH and the subjective quality ratings that supported the stated hypothesis. This is exploratory research and developments are being tested to improve the model.
-INTRODUCTION
The purpose of this document is to study the interaction between personal feelings regarding musical performances in churches and a new physical quantity to measure it.
The main investigation is focused on the Roman Catholic churches of Portugal. Portugal is one of the oldest European countries and played a prominent role in some of the most significant events in world history. It presents an almost perfect location to trace the history of Catholic church buildings in the world. Portuguese churches can be considered a representative example of Catholic churches in the world (Gil 1992; DGEMN 1936/64; Azevedo 1985) .
This study reports on acoustical field measurements in a major survey of 41 Roman Catholic churches in Portugal that were built between the 6th century and 1993. Table 1 presents an alphabetical list of the churches tested in the survey. The churches are a sample of 14 centuries of church building in Portugal. The oldest church tested was number 26 (S. Frutuoso de Montélios), which was built around the 6th century. The most recent was church number 35 (Seroa), which was completed in 1993. A complete analysis is available as a Ph.D. dissertation and an internal report in the University of Florida's College of Architecture (Carvalho 1994a,b) .
The churches were selected to represent the main architectural styles found throughout Portugal and to represent the evolution of church construction in Portugal. The architectural styles of the churches are presented in Table 2 . For more uniformity of the sample and due to the sound power limits of the sound source, only churches with a maximum volume of less than 19000 m 3 were selected for the study. Acoustical measurements were taken in similar numbers of churches grouped by large periods of history: 12 Visigothic or Romanesque churches (6th-13th centuries), 16 Gothic or Manueline churches (13th-16th centuries), 13 Renaissance, Baroque or Neoclassic churches (16th-19th centuries) and 4 Contemporary churches (20th century). The main architectural features of these churches are displayed in Table 3. B 2 -PROCEDURE Binaural measurements (that refer to the use of microphones located at the two ears of a manikin or human subject) were taken in each church using a dual channel real time frequency analyzer. In the simultaneous analysis of signals it is no longer the signals themselves that are of primary interest, but rather the properties of the physical system responsible for the differences between them.
The idea was to use both instant spectra (channel A and channel B inputs) and their cross spectrum to find the coherence values. Channels A and B are microphones held outside both ears of a person in the center of the longitudinal axis of the church. A pink noise source was used with the loudspeaker in front of the altar at a height of 0.8 m and with sound pressure levels of 88-104 dB measured at the receiver.
The coherence gives a measure of the degree of linear dependence between the two signals as a function of frequency. It is calculated from the two autospectra and the cross spectrum. It can also be interpreted as a squared correlation coefficient expressing the degree of linear relationship between two variables. If the coherence is 1 there will be a perfectly linear relationship between the signals at both ears. If it is 0, there is no relationship whatsoever between signals at the two ears (Randall 1987) . Figure 1 shows one 128th meeting of the Acoustical Society of America, Austin, TX, Nov./Dec. 1994 C of the graphical outputs obtained. In each church, three spectra were recorded in the same position (only one position was used -in the middle of the longitudinal axis). The values were then averaged for further analysis (see Table 4 ).
The churches were measured while unoccupied, as the available state of the art does not allow easy and practical acoustical measurements to be made in an occupied room. The high noise level of the sound source and the long duration of the measurements make the presence of a quiet congregation almost impossible. Furthermore, the use of absorptive materials to simulate the presence of people is also impractical due to the huge amount needed. In addition, most of the available bibliographic data were determined for unoccupied conditions. Therefore consistency of data is useful for possible comparison purposes. 
-SUBJECTIVE ANALYSIS
Very basic qualitative information was collected in each church by an interview with the local priests and other members of the staff. Answers were requested to simple questions such as if the church had a good acoustics or good sound, if music sounded good in the church, if there were musical performances in the church, which type of musical performances occurred in the church, if the performers like the sound of the church, etc. The churches were finally rated on a five level scale: very bad, bad, normal, good or very good acoustics (Table 5 ).
-BACH 4.1 -Coherence
Using the coherence values obtained in twenty-eight 1/3 octave bands (Table 5 ) a new measure was sought. Figure 2 presents the graphical representation of all bands considering the average of all churches tested. In this graph describing the general behavior of the coherence in all the churches tested, four areas can be identified. At very low frequencies the coherence is almost constant and equal to 1.0; from 200 to 800 Hz the coherence decreases with a roll-off of nearly 0.3/octave; at mid frequencies (1 to 2.5 kHz) there is a constant level for the coherence around 0.28; finally to higher frequencies (3.15 to 10 kHz) a V shaped behavior appears with a drop to a coherence of 0.15 near 5 kHz.
To analyze which of these characteristics could be related to the subjective quality of the room (Table  5) , the Pearson correlation coefficients were calculated between Subjective rating and Coherence (28 frequency bands) - Table 6 . The highest R was found with Coherence 3150 Hz (R = 0.552). But this is still a low R and other factors must be involved in the variance of the subjective quality ratings. 
-BACH Equations
The new binaural acoustical measure, was called BACH, Binaural Acoustic CoHerence. Studying the general behavior of the coherence values in churches (Figure 2) , 22 ratios or combinations of coherence were tested to find the best suited to represent or explain the variance in the subjective quality scores. The formulas are presented in Table 7 . To test the fitness of all those 22 formulas, Table 8 displays the R coefficients regarding the linear smoothing between the Subjective rating and BACH N . The highest R was found using BACH11's formula (R = -0.684). The plot of this relationship is shown in Figure 3 . This is the measure sought. Figure 3 -Plot of subjective quality ratings (1-V. Bad, 2-Bad, 3-Normal, 4-Good, 5-V. Good) vs. the best BACH formula with linear regression model and correlation coefficient.
-BACH Analysis 4.3.1 -The formula
Considering the ratings of acoustical quality by the priests of the churches, this R = -0.684 seems very reasonable to accept as a good relationship and supports the idea that subjective quality in churches regarding music can be assessed by the use of this new binaural measure. Therefore it seems that the overall subjective quality of churches for music can be inversely proportional to the following formula. That is, the greater the difference between the coherence at the high and very low frequencies, the lower the church was rated regarding the overall subjective impression of music quality. The explanation for this result is hypothesized to be in the combination of several factors. Considering that not many musical instruments use those high frequencies (4 and 5 kHz), it is perhaps the effect of overtones or upper partials that it is present. It may also be the effects in the perception of treble and timbre or tone color that are also been weighted. In fact only a few instruments such as the xylophone, glockenspiel, harp, piccolo and naturally the organ can give such high notes. Or it may be that a similarity of sounds at both ears, over a wide range of frequencies, are considered to be preferable in live performances as opposed to the enjoyment of a musical piece when listened to using stereo headphones or loudspeakers. It does not appear that this effect can be very important in explaining speech reception because those frequencies (3 to 6 kHz) are above the frequencies most significant to the understanding of speech. For most speech communication the critical frequency range is 300-3000 Hz although some speech cues occur as high as 8 kHz.
Some of these facts describe subtle details of listening to music. It is questionable if the subjective ratings obtained could discriminate. More data is necessary to validate a more positive explanation. Figure 4 presents the analyses of individual churches in two comparison examples of the coherence spectra found. In these Figures the dark and clear symbols represent respectively the churches rated 5 (Very Good) and 1 (Very Bad). Table 9 complements these two Figures. In both of the churches rated Very Bad there is a drop in the coherence values around 5 kHz. By comparison, both churches rated Very Good present a peak in the coherence values between 2.5 and 4 kHz. 
Individual church analysis

ANOVA tests
ANOVA tests were performed to examine the significance of the differences among the groups of equal subjective quality ratings. The three options are plotted in Figure 5 and the ANOVA results are expressed in Table 10 . The three options were:
OPTION A -5 groups of equal subjective quality (1 to 5 in Table 1) Using Table 10, the conclusion is that the five groups system of rating (1 to 5) is too narrow to give statistically significant differences (with a p-value < 0.20). The use of a three group rating method (Figure 5b ) gives statistically differences in all possible pairwise comparisons (for a p-value < 0.20). The use of a two group rating method (Figure 5c ) gives a statistically difference in the only possible pairwise comparison (but now for a p-value < 0.05). Therefore it can be stated that a three group rating of subjective quality in churches in the method used in this study is an acceptable choice. 
-General linear model
In order to verify the importance of all the parameters in the subjective ratings, a general linear model was performed. The goal was to relate the SUBJECTIVE rating to some of the other parameters used throughout this study. Therefore the model was done with the 28 coherence bands, the 39 acoustical measures (all frequency bands), the 15 architectural parameters and the 22 BACH formulas for a total of 104 parameters. With an α-to-enter/remove equal to 0.05 the final model using a forward stepwise procedure only presented BACH11 as a predictor of the SUBJECTIVE rating (with R² = 0.47 and a standard error of the estimate = 0.88). Using an α-to-enter/remove equal to 0.10 the final predictors will now include BACH 11 and COH80 but the R² only improved to 0.52 with a standard error of the estimate = 0.84. Consequently, no other parameter tested in this study could be used as a substitute for BACH to give the same type of information. This increases the validity and interest of this new measure and its individuality.
-BACH AND THE ACOUSTICAL MEASURES 5.1 -Acoustical Measures
To check the relationship between BACH and the acoustical measures, six well established monaural acoustical measures were taken. The six acoustical measures are defined below.
-Reverberation Time (RT) is the time it takes for sound to decay 60 dB. It was proposed by W. C. Sabine in 1900 (Sabine 1992) . It is usually measured from a decay of 30 dB (from -5 to -35 dB or also RT30) and then multiplied by a factor of 2 as expressed in the following formula: RT = 2 [ SD -1 (35) -SD -1 (5) ] where SD (t) = Sound decay as a function of time and SD -1 (t) = Inverse function of SD(t). In this study RT was calculated from reverse integration of the logarithmic decay curve obtained from an impulse response (Schroeder 1965).
-Early Decay Time (EDT) is the time it takes for sound to decay 60 dB. It was proposed by Jordan based on research made by Atal et al. in 1965 (Jordan 1970 . It is an adaptation of the reverberation time now measured from a decay of 10 dB (from 0 to -10 dB or also EDT10) and then multiplied by a factor of 6 as expressed in the following formula: EDT = 6 [ SD -1 (10) -SD -1 (0) ]. In this study EDT was calculated as described above for RT. -Early to Late Sound Index or Clarity with a time window of 80 ms (C80) is one ratio of early-to-late sound energy or early-to-reverberant sound energy ratio Ct or ELt (typically C80, but C30, C50 or C100 are also used). It is the ratio in dB between the energy received in the first t seconds of the received signal and the energy received afterwards. Reichardt et al. proposed it in 1975 where the limit of 80 ms was proposed as the limit of perceptibility for music. It is calculated by using 10 log of the ratio of the integrated squared pressure, arriving before the time t, to that arriving after time t.
where p(t) is the time function of the impulse response of the enclosure measured using a microphone at a particular location in the room.
-Early to Total Energy Ratio, Early Energy Fraction, Definition or Deutlichkeit with a time window of 50 ms (D) is the ratio between the energy received in the first 50 ms and the total energy received. It lies between 0 and 1. D was proposed by Thiele in 1953. The duration of 50 ms was called the limit of perceptibility regarding speech.
-Center Time (TS, where the S stands for the German Schwerpunkt, center of gravity) is the point in time where the energy received before this point is equal to the energy received after this point. It was proposed by Cremer and Müller in 1978.
-Loudness, Total Sound Level, Overall Level or Strength of arriving energy (L) is the ratio, in dB, of the total energy received at a particular position in the enclosure and the energy received due to the direct sound alone (measured at a distance of 10 m from the source in an anechoic environment). It was first used by Gade and Rindel in 1984 following ideas introduced in earlier studies (Yamagushi 1972; Lehmann 1976; Cremer and Müller 1978) . This measure is also denoted as G in the literature: where p 10 (t) is the time function of the impulse response in free field conditions at a distance of 10 m.
Two bass ratios were calculated: BR_RT and BR_L proposed by Beranek (Beranek 1962) and Gade (Gade 1989). They are defined by the following equations:
BR_RT -Bass Ratio based on Reverberation Time
where RT is the reverberation time for the specified octave bands and L is the overall level for the specified octave bands.
The method used to calculate the acoustical measures is based on the integrated impulse-response method described by Schroeder in 1965. A limited-bandwidth noise-burst is generated and transmitted into the church by a loudspeaker via an amplifier. The room's response to the noise-burst (called the impulse response) is then sampled from the RMS detector output of the sound level meter (Brüel & Kjaer 1990) .
Rather than a pistol, a loudspeaker emitting noise (short noise pulse bursts) in 3/2 octave frequency bands (to ensure that the received noise-burst is of 1/1 octave bandwidth) was used as sound source. For a specific power amplifier this system allows more energy to be transmitted into the room than with a pistol. This advantage is especially important when background noise is present. The pistol is a very powerful and practical sound source. However, its shots usually lack energy in the lower frequency bands and reproducibility (Brüel & Kjaer 1988) . Moreover, a pistol shot may be of too short duration to allow the noise to attain a steady level in the room (Brüel & Kjaer 1980) .
The receiving section consisted of one 1/2" diameter microphone (which changed position throughout the room) and a sound level meter with a 1/1-octave filter set. A filter centered on the same frequency as the filter in the transmitting section reduces the influence of background noise.
The procedure was commanded by specific control software (Room Acoustics) using a notebook computer in loco. The loudspeaker was placed at two sound source locations in each church: one in front of the altar to standardize the measurements and to be able to compare results among churches and another in the center of the main floor to simulate the sound of the congregation. The sound source was positioned at 0.8 m above the floor and at a 45 o angle with the horizontal plane. That angle was chosen to transmit more energy into the room volume, to try to better excite the reverberant field of the church. This loudspeaker position also gave more omnidirectionality to the sound source by locating the sides of the loudspeaker with less directivity such as in the back, facing the floor. A diffuser, a conical piece snap-locked onto the front of the cabinet, was used to render the measured results less dependent on the position and angle of inclination of the cabinet and to lower the directivity coefficient values.
Each measurement was calculated from an ensemble of three and four pulse responses in each position. This number of samples was chosen considering the high quality of the reproducibility of the sound source used, the number of samples used in the recent past of room acoustics as seen in the available literature, and the experience acquired by previous measurements made by the Acoustic Laboratory of the University of Florida College of Architecture. Five receiver positions were, on average, used, depending on the width of the church. The microphone at each location was placed at 1.30 m above the floor. In total, nearly 8000 values were determined (all combinations of frequency bands and source/receiver locations).
-Relationships between BACH and Monaural Acoustical Measures
To check the relationship between BACH and the acoustical measures, the Pearson correlation coefficients were calculated for all the octave bands involved. Table 11 shows the values found. Figure 6a presents the plot of the highest correlation found (with TS 4 kHz). With the results displayed in Table 11 (and Figure 6a ) there are no strong and evident relations between any of the 39 acoustical measures and the new binaural measure. This increases its individuality. To check the relationship between BACH and the architectural features of the churches, fifteen architectural parameters were used as seen in Table 12 . Table 13 presents the results of the relationship analyses and a summary with simple statistics regarding the fifteen architectural parameters for the churches tested. To check the relationship between BACH and the architectural parameters, the Pearson correlation coefficients were calculated for all the fifteen architectural parameters. Table 14 shows the values found. Figure 6b presents the plot of the highest correlation found (with ALPHA AVERAGE). With the results displayed in Table 14 (and Figure 6b) there are no evident relationship between any of the fifteen architectural parameters and the new binaural measure. This again, augments its uniqueness. 
-CONCLUSIONS
The definition of a new binaural measure is believed to be an important step in studying the interaction between personal feelings regarding musical performances in churches and a physical quantity to measure it. Using binaural measurements and subjective information collected in 41 churches, Binaural Acoustical CoHerence (BACH), a new binaural measure was presented as a ratio of coherence values (1/3 octave bands) between low (50, 63 and 80 Hz) and high (3.15, 4 and 5 kHz) frequencies. It was found to be orthogonal among the other 104 acoustical measures and architectural parameters (R 2 i < 0.3). A linear correlation coefficient near 0.7 was found between the BACH measure and a five point subjective quality rating regarding music in churches (V. Bad, Bad, Normal, Good, and V. Good) , supporting the hypothesis that this measure can be useful in predicting the subjective quality of music heard in churches. A three point (Bad, Normal, and Good) method of rating the subjective quality of music in churches was found to be more acceptable than the five point scale used.
